We studied transcription of T4 late genes by in vitro translation of sizefractionated late RNA and by hybridization of T4 late RNA to plasmids containing identified T4 late genes. We identified mRNA species that coded for the late proteins gplO, gpl8, gp2l, gp22, gp23, and gp24. Functional mRNA's that coded for the early proteins gp32 and IPIII were also detected after fractionation of late RNA. As 
approximate molecular weights of 0.5 x 106 and 1.2 x 106, respectively. mRNA activity for gpl8 migrated heterogeneously. We detected multiple transcripts from gene 23 by in vitro translation and by hybridization of late RNA to plasmids containing genes 21 through 23 . Both types of analysis indicated that the major gene 23 transcript had a molecular weight of 0.75 x 106. In addition, two gene 23 transcripts having molecular weights of about 1 .0 x 106 and 1.3 x 106 were present; these RNA species also coded for gp2l and gp22. Physical linkage of transcripts from genes 21, 22, and 23 was demonstrated by hybridization.
Bacteriophage T4 late gene expression appears to be unique among procaryotes in that DNA replication is required to achieve efficient late gene transcription. Late transcription also requires the polypeptides that are encoded by phage genes 33, 55, and 45. These polypeptides associate with and alter the transcriptional specificity of the host core RNA polymerase, which itself is modified covalently early in T4 infection. Despite considerable genetic, biochemical, and physiological knowledge of the requirements for late transcription, late transcription in vitro was not achieved until recently (10) . This was due both to the complex requirements for late gene expression and to the large genome size of phage T4. Much of the T4 genome has now been cloned into phage and plasmid vectors (8, 16, 17) . In particular, plasmids containing most of the genes in the late region have been identified, and the T4 restriction enzyme fragment present in the genetically identified plasmid has been characterized. These isolated restriction fragments and the plasmids containing them make it possible to study transcription of a single late gene At present there is little evidence that can be used to identify late promoter sites. The T4 late genes are present in three major clusters (18) , which are separated by early genes. Thus, there are presumably at least three T4 late promoters. Since most and probably all true late genes are transcribed from the strand opposite that used for transcribing T4 early genes, the late genes cannot be transcribed by readthrough from the early region, as appears to be the case in bacteriophage lambda (13) . Within the clusters of T4 late genes, there is some indication of polarity, suggesting that the genes involved are cotranscribed. For example, some amber mutations in gene 9 cause a defect in gene activity such that phage containing a gene 9 amber mutation cannot be complemented by a mixed infection with a gene 10 amber mutant (10, 14) . There is also some biochemical evidence for polarity. For example, mutations in genes 9 and 6 cause decreased synthesis of polypeptides from the adjacent genes (genes 10 and 7, respectively) (15 Media. The media used are described in the accompanying paper (20) .
Chemicals. Most reagents were from standard sources. m-Nitrobenzyl alcohol was obtained from Aldrich Chemical Co. 1-(m-Nitrobenzyloxy)methyl pyridinium chloride was prepared as described previously (1) Hybridization. Cellulose sheets containing covalently linked RNA were hybridized to nick-translated DNA probes as described by Alwine et al. (1) . Usually, 0.5 x 106 to 1 x 106 cpm of DNA was used. The other hybridization procedures used are described in the accompanying paper (20) .
Other experimental procedures. Fractionation of RNA by continuous-elution preparative electrophoresis, cell-free protein synthesis, analysis of radioactive polypeptides, and other techniques are described in the accompanying paper (20) .
RESULTS
Sizes of functional late transcripts. First, we measured the sizes of specific late transcripts by fractionating T4 late RNA on polyacrylamide gels and then translating the eluted RNA in a cell-free protein-synthesizing system. The radioactive polypeptides were separated by electrophoresis on sodium dodecyl sulfate-polyacrylamide gels, and the specific polypeptides were identified by comparison with gels containing radioactive proteins derived from infections of E. coli with T4 amber mutants. This assay for late RNA revealed only the most prominent message species and could identify unambiguously those messages which coded for polypeptides that migrated in unique regions of the sodium dodecyl sulfate-polyacrylamide gels. It was also limited in its usefulness to the messages that coded for proteins smaller than 100,000 daltons, since larger polypeptides were not synthesized efficiently in the cell-free system. Figure 1 shows an autoradiogram of the 35S-labeled proteins that were synthesized in response to fractionated T4 late RNA. Two polypeptides were synthesized in large amounts. The smaller of these had a molecular weight of 35,000 and was gp32 (gp32 in the polypeptide product of gene 32), the T4 helix-destabilizing protein which is identified in the accompanying paper (20) . gp32 is made from a stable, self-regulating mRNA (6, 7) . The larger conspicuous polypeptide had a molecular weight of about 58,000 and comigrated with uncleaved gp23, the precursor of the major capsid protein of the phage. This identification was supported by translating RNA obtained by infecting E. coli with an amber mutant in gene 23. As shown in Fig. 1 example, the amber mutation B17 is in gene 23, and the mutant containing this mutation was designated 23amB17.) The radioactivity that remained at the position of gp23 in the slot containing the translation products of the mutant RNA was probably gpl2 and, perhaps, gp-wac, which have molecular weights similar to the molecular weight of gp23.
To confirm the identification of gene 23 message activity, RNA extracted from cells infected with 23amB17 was fractionated and analyzed as described above (Fig. 2) . The 58,000-dalton band was missing except for a faint band, which probably corresponded to gpl2 or gp-wac or both. Thus, we concluded that gp23 comprised the majority of the radioactivity at this position in Several other T4 late proteins were also identified in Fig. 1 and 2 . The two polypeptides larger than gp23 were gplO and gpl8. The polypeptide with a molecular weight of about 45,000 was gp24. The two polypeptides below gp32 on the gels were gp22 and, probably, gp2l. The prominent polypeptide with a molecular weight of about 25,000 was probably IPIII. The identifications of gp2l and IPIII were not confirmed in an analysis of extracts from cells infected with the appropriate amber and deletion mutants. The identification of IPIII was based on a comparison with previously published data (3). For gp2l the identification was less certain. M. Showe (personal communication) has reported that the molecular weight of gp2l is 27,500 and the molecular weight of gp22 is 32,000 (18). We were not able to confirm the identification of gp2l by analyzing extracts from our gene 21 amber mutant.
The sizes of the mRNA activities that coded for these polypeptides were determined by a comparison with molecular weight standards run on an identical gel (20) . The positions of the peak mRNA activities were determined either by inspection or by densitometry of the autoradiograms. Figure 3 shows the results of densitometry for gp23. There was a major peak of gene 23 message activity at a molecular weight of about 0.75 x 106 and another region of gp23-coding activity with a higher molecular weight. There was a suggestion that two mRNA species migrated at positions corresponding to molecular weights of 1.0 x 106 and 1.3 x 106. These two higher-molecular-weight gene 23 message activities comigrated with message activities for gp21 and gp22. The activities of the latter two polypeptides and their separation into two peaks are shown most clearly in Fig. 2 (Fig. 4) . T4 late RNA was denatured with dimethyl sulfoxide and glyoxal (9) and subjected to electrophoresis on a 1.5% agarose gel. The RNA was transferred to derivatized cellulose paper (1) and hybridized to nick-translated DNA. When total T4 phage DNA was nick-translated and used as a probe, a broad smear of radioactivity was observed ( Fig. 4A and B) . Most of the RNAs detected by this probe had molecular weights in the range from 0.02 x 106 to 0. The band at the position of 18S RNA (0.75 x 106 daltons) was the most abundant. These molecular weights were very similar if not identical to the molecular weights of the functional gene 23 messages shown in Fig. 3 . Even the relative amounts of the three species agreed. In addition, there was a considerable amount of lower-molecular-weight RNA that hybridized to the probes. To prove that hybridization was specific to the T4 DNA sequences on the plasmid, the vector pBR322 was nick-translated and hybridized to a blot of the same RNA. As shown in Fig.  4A , there was no hybridization of pBR322 sequences to the RNA on the blot. Another preparation of T4 late RNA was analyzed in the same manner (Fig. 4B) . This time the nick-translated DNA probes used for hybridization were T4 phage DNA, p652A, and p652C. Plasmid p652A contains gene 21 and the 5'-terminal end of gene 22. It hybridized to RNAs having a broad range of molecular weights (Fig.  4B) Figure 5 shows an analysis of these autoradiograms by densitometry. T4 phage DNA annealed to RNA in the same molecular weight range as the gene 23 transcripts even though most of the hybridization was to lower-molecular-weight RNA. The distribution of gene 23 transcripts detected by hybridization was strikingly similar to the distribution of the functional gene 23 transcripts shown in Fig. 3 if the lowermolecular-weight, apparently degraded RNA was subtracted from the profile.
We If the large RNA were a precursor of the smaller, most of the gene 23-specific radioactivity incorporated in a short pulse would be expected to accumulate in the larger RNA. To investigate this possibility, RNA was labeled from 12 to 15 min after T4 infection, extracted, and fractionated on a preparative polyacrylamide gel. Portions of each fraction were hybridized to filters containing various plasmid DNAs. Figure 6 shows the distribution of the radioactive RNA that hybridized to the plasmids containing genes 22 6 . Fractionation of pulse-labeled late T4 were different for the RNA species eluted from RNA and hybridization to gene 23-containing plasp652A and p652. About 31% ofthe RNAeluted mids. RNA was labeled from 15 to 18 m after from p652A was able to hybridize to p652C, infection with wild-type T4, rapidly extracted by a whereas only about 7% of the RNA eluted from hot sodium dodecyl sulfate lysis technique (4), and p652C was able to hybridize to p652A These fractionated by electrophoresis as described in the put on the gel. One-half of each I-ml fraction was were diferet fortohgee RNA species elutd from hybridized with a filter containing pBR322 DNA whereas many gene 21 and 22 transcripts were p6s2B DNA, or p652C DNA. The radioactivity that linked to gene 23 transcripts. This was consistent annealed to pBR322 (vector DNA) was subtracted with the observations that most functional gene from all data. The migration positions of the E. coli 'The background radioactivity that annealed to a filter containing pBR322 was subtracted from all data.
d The percent annealed in the second hybridization to the same DNA from which the radioactive RNA was eluted after the first hybridization was defined as 100%.
DISCUSSION
In our analysis of T4 late transcripts, we concentrated on identifying mRNA from the gene 23 region. Gene 23 codes for the most abundant late protein in cells, the major capsid protein. This protein is synthesized as a polypeptide which is about 550 amino acids long (gp23); 65 amino acid residues are cleaved from the amino terminus of this polypeptide by the gene 21 protease during head maturation to produce gp23* (5; A. Boosman, personal communication). The synthesis of gp23 and gp23* constitutes 20 to 30% of the protein synthesis during the late phase of T4 infections, an amount which is consistent with the stoichiometry of these proteins in phage particles. The neighboring genes (genes 21, 22, and 24) are also involved in head morphogenesis. Gene 21 codes for a protease which is required for head assembly; gene 22 codes for an internal scaffolding protein that is cleaved into small pieces by gp2l during head maturation; and gene 24 codes for the capsid structural protein gp 24, which forms the vertex of the viral capsid. Like gp23, gp24 is synthesized as a precursor and is cleaved by gp2l to produce the polypeptide found in mature capsids (gp24*). gp2l, gp22, and gp24 are synthesized at much lower rates than gp23, although the rates are difficult to measure because the complex head maturation pathway requires cleavage of gp22, gp23, and gp24.
Gene 23 expression is regulated in the same manner as the expression of other late genes; that is, it requires DNA replication, gp33, gp55, and gp45. The mRNA of gene 23 is transcribed at a rate that is typical for many late genes (19) The origin of the multiple gene 23 transcripts has not been determined. As with the multiple early T4 transcripts described in the accompanying paper (20) , these transcripts could arise by processing of the largest transcript or they could be transcribed from multiple promoters. We prefer the latter hypothesis since It is interesting that an analogous arrangement of genes with similar functions exists in bacteriophage T7 and that the T7 genes are transcribed from multiple promoter sites to a common termination signal at the end of gene 10 (the major capsid protein). The adjacent T7 gene 9 is a scaffolding protein whose function is analogous to the function of T4 gene 22.
